I. INTRODUCTION

28
Thermoreflectance-based techniques, specifically, these pump-probe metrologies embrace thermomodulation reflectivity, in which a 48 small oscillating temperature rise is induced at some frequency caused by a modulated pump beam,
49
while the reflectivity is monitored with the probe beam through electronic detection that is synced 50 to the pump modulation to measure the change in reflectivity at this frequency. Hence, the most 51 fundamental assumption of TDTR and FDTR for use as a metrology of strictly thermal transport 52 properties is that the measured reflectivity of the probe is directly related to the temperature change 53 induced by the modulated pump pulses.
54
Due to this fundamental necessity, it is common practice to deposit a thin metal film on the 55 surface of any material system to be measured with TDTR and/or FDTR in order to relate the 56 optical reflectivity to a temperature change, 7,62 and thereby relate this measured reflectivity to the 57 thermal properties of interest. This ensures that the thermoreflectivity can be directly and linearly 
103
Even taking into account these previous advances of TDTR or FDTR in Refs. [78] [79] [80] , there still 104 lacks a standard approach to measure the thermal conductivity of solids using TDTR and/or FDTR 105 without the use of a metal film transducer, as some combination of assumptions (i) -(iii) must be 
II. EXPERIMENTAL SETUP
141
In this work, we develop the methodology to measure the thermal conductivity of silicon (100),
142
GaAs (100), and InSb (100) wafers using our combined TDTR/FDTR approach without the use of 143 a metal transducer; we purchased the GaAs (100) wafers from two different vendors: by our FDTR/TDTR measurements. Regardless, it is important to note that we conduct our 213 measurements in the "low temperature perturbation" regime, so any deviation from equilibrium 214 distributions are assumed small, as we validate with various pump and probe powers, described in 215 more detail in Section III.D.
216
Another consideration when determining the delay time is laser wavelength. Salnick et. al. 90 217 demonstrated the role of the pump and probe wavelengths on the thermal and plasma wave 218 behavior, concluding that with a 400 nm (3.1 eV) pump and 800 nm (1.55 eV) probe (the 219 wavelengths we applied for our TDTR/FDTR measurements), thermal wave effects are the 220 primary mechanism affecting the change in reflectivity. Therefore, our proposed approach ensures 221 10 that our TDTR/FDTR measurements are always directly probing the thermal transport (and not 222 carrier transport) in our systems since: 1) the modulation frequency that we employ during our 223 measurements ensure ωτ <<1; 2) the pump and probe wavelengths we use ensure the thermal wave 224 effects are dominated in our measured reflectivity; and 3) the pump-probe delay time that we select 225 to conduct our measurements is a time that is greater than the carrier relaxation time.
226
While these aforementioned studies provide rough criteria for minimizing carrier effects on 227 reflectance, the choice of time delay ultimately depends on material properties and pump/probe 228 properties. Since the technique described here relies on pulsed-pulsed (pump-probe) FDTR, we 229 make use of the fact that pump pulses arriving at the sample are separated temporally by 12.5 ns.
230
Thus, it is sufficient to study the time domain solution to the coupled thermal and carrier responses 231 described in Refs. 4 and 86 . As such, we follow the approach outlined by Tanaka et. al. (Eqs. (14) 232
- (18) in Ref. 69 ). Figure 2 shows that for Si and GaAs, the carrier relaxation occurs on the order 233 of 10 -100 ps such that reflectivity is dominated by thermal response thereafter. The parameters 234 used in the calculations are listed in Table 1 . Moreover, a previous report also shows that the (14) - (18) 
248
Finally, previous report by Johnson et al. 81 how that the carrier recombination time measured
249
is on the order of 1.7-10 ns for Si depending on the period spacings of the gratings in their work. due to the high repetition rate of the laser. 5, 6, 72, 73, 97 As previously discussed, usually, with a metal 276 transducer, the optical penetration depth of metal is very small (~10 nm) and the heat source can 277 be considered as a surface heat source. As outlined in Section I, Yang, et. al. 78 have discussed the 
289 where 1 and 3 are the in-plane and cross-plane thermal conductivities, respectively, ρ is the mass 290 density, c p is the specific heat capacity (and the volumetric heat capacity is C = ρc p ), and ς is the 291 optical penetration depth of the pump beam; in the remainder of this work, we refer to ς as the heat 292 penetration depth to distinguish it from the optical penetration depth of the probe beam. 98 We note 293 that the heat penetration depth is the depth to which the laser energy is deposited into the sample,
294
and is not the thermal penetration depth, which is related to the depth in which the modulated 295 thermal wave extinguishes into the sample (the thermal penetration depth, which is modulation 
319
In Figure 3 , we show a representative TDTR/FDTR measurement of an intrinsic silicon (100)
320
wafer that was probed directly with our system (i.e., no metal transducer), and the resultant fits 321 with both a surface heat source model and with z-dependent heat source model; for these analyses,
322
we fit only the radial (in-plane) thermal conductivity of the silicon (k r ), where all other inputs to 323 15 the model are assumed constant (listed in the caption of Figure 3 ). We note that silicon is isotropic, 324 so we expect k r = k z in this system. For relatively high thermal conductivity materials, this 325 approach of TDTR/FDTR without the use of metal transducer will consistently sample k r , as we 326 discuss in detail in Section IV.B. If the sample is isotropic, such as those studied in this work, then 327 our measurement provides a unique metrology to measure k = k r = k z , and also provides a method 328 to measure the thermal conductivity of materials without the potential for anisotropic failure of
329
Fourier diffusion around the metal transducer/sample interface. 100 In the situation where the 330 material is anisotropic, our described implementation of TDTR/FDTR is most sensitive to in-plane 331 transport for relatively high k z systems, as discussed in more detail in our sensitivity analysis and 332 limitations outlined in Section IV.
333
The data in Figure 3 were collected at a TDTR delay time of 5 ns, and the selection of this time
334
is discussed in detail in the following sub-section. 
349
The results in this section demonstrate the ability to perform FDTR measurements at a 350 specified TDTR delay time (i.e., a hybrid TDTR/FDTR approach) without the use of a metal film 351 transducer (henceforth, these samples are referred to as "bare" to indicate the lack of metal coating).
352
The intricacies and procedures to this approach are outlined in the following sub-sections. approach is based on performing TDTR measurements at different frequencies.
369
We show examples of this fitting approach for GaAs (100) wafers. same best-fit thermal conductivities (within uncertainty) as the intrinsic sample shown in Figure   412 3, further validating the strength of our approach. can lead to a non-negligible heating event that can lead to sources of error in the FDTR analysis.
421
In our FDTR measurements, the probe power is 2 mW, and the pump power is carefully chosen to 422 achieve an acceptable signal while avoiding too large of a temperature rise (< 8 K for the GaAs 423 data). For the samples interrogated in this work, the temperature rise from the average steady state 424 laser power is relatively negligible due to the high thermal effusivity of the wafers; however, the 425 modulated temperature rise must be monitored. 
445
This can also be checked by comparing the normalized in-phase response as a function of time.
446
The importance of pump power in measuring the FDTR in the linear perturbation 447 thermoreflectance-dominated response regime is also exemplified in our previous discussion 
IV. DATA ANALYSIS AND SENSITIVITIES
462
A. FDTR data and calibration with and without a metal transducer 463 We demonstrate the applicability of this approach by performing this TDTR/FDTR procedure 464 on both bare intrinsic Si (100), GaAs (100) (from MTI corporation and UniversityWafer), and and InSb (C = 1.15 ×10 6 J m -3 K -1 ). 106 The optical penetration depths for each sample δ were 474 calculated as δ = λ/4πn 2 , where λ is 400 nm and 800 nm for pump beam and probe beam, 475 respectively, n 2 is the extinction coefficient. We assume that the optical penetration depth of the 476 pump is equivalent to the heat penetration depth, ς.
78
477
We find that only Si need to be fitted with a z-dependent heat source model due to the large 
501
The FDTR measurements are performed in a frequency range of 10 kHz - In Fig. 8 , we plot the best-fit curves for Si (fit curve shown in Fig. 6(a) ), and also the curves 546 by varying the thermal conductivity κ r ± 10% (Fig. 8(a) ), pump and probe beam spot sizes ± 5%
547
( Fig. 8(b) ), and optical penetration depth δ ± 10% (Fig. 8(c) picosecond acoustics using TDTR at the same measurement location). In Fig. 9(a) measurements. In this regard, the highest accuracy in precisely determining the spot size at the 575 sample focus in our TDTR/FDTR measurements is with the method by using FDTR measurements 576 at relatively low frequencies where the thermal model is highly sensitive to the effective spot size.
577
Due to potential ellipticity in the spot sizes and inaccuracies in beam profiling, the difference (~10
578
-20%) in the measured pump spot size is reasonable, and we assert that this method of using 579 FDTR at long time delays when the measurement sensitivity to the spot size is relatively large 580 provides a unique method to determine the spot sizes during thermoreflectance techniques via a 581 self-consistent and in situ approach. 588 589
V. SUMMARY
590
The major results of our work are summarized in Fig. 10 
